Non-closure of the surface energy balance is a frequently observed phenomenon of hydrometeorological field measurements, when using the eddy-covariance method, which can be ascribed to an underestimation of the turbulent fluxes. Several approaches have been proposed in order to adjust the measured fluxes for this apparent systematic error. However, there are uncertainties about partitioning of the energy balance residual between the sensible and latent heat flux and whether such a correction should be applied on 30-min data or longer time scales.
uncertainties about partitioning of the energy balance residual between the sensible and latent heat flux and whether such a correction should be applied on 30-min data or longer time scales.
The data for this study originate from two grassland sites in southern Germany, where measurements from weighable lysimeters are available as reference. The adjusted evapotranspiration rates are also compared with joint energy and water balance simulations using a physically based distributed hydrological model. We evaluate two adjustment methods: the first one preserves the Bowen ratio and the correction factor is determined on a daily basis. The second one attributes a smaller portion of the residual energy to the latent heat flux than to the sensible heat flux for closing the energy balance for every 30-min flux integration interval. Both methods lead to an improved agreement of the eddy-covariance based fluxes with the independent lysimeter estimates and the physically based model simulations. The first method results in a better comparability of evapotranspiration rates, and the second method leads to a smaller overall bias. These results are similar between both sites despite considerable differences in terrain complexity and grassland management. Moreover, we found that a daily adjustment factor leads to less scatter than a complete partitioning of the residual for every half-hour time interval. The vertical temperature gradient in the surface layer and friction velocity were identified as important predictors for a potential future parameterisation of the energy balance residual.
| INTRODUCTION
Because the exact knowledge of actual evapotranspiration plays an important role for the understanding of water and energy cycles in ecosystems, its accurate estimation is relevant not only for scientific questions but also of practical use for agricultural, irrigation, and water supply management all over the world. In order to use such field data for any of these purposes in a meaningful way, it is necessary to investigate and to quantify measurement and systematic errors and other uncertainties.
The most direct methods to determine the turbulent exchange of water vapour between an ecosystem and the atmosphere is the eddy-covariance (EC) technique (Aubinet, Vesala, & Papale, 2012) , which is used at many permanent and temporary eco-hydrometeorological installations around the world (Baldocchi et al., 2001; Mengelkamp et al., 2006; Sellers et al., 1995; Zacharias et al., 2011) . Despite its fundamental character and its popularity, this method often leads to turbulent heat fluxes that are smaller than the availably energy, which comprises the sum of net radiation and the ground heat flux at the surface. Hence, the energy balance is not closed in violation of the first law of thermodynamics. Commonly an energy residual of 20% to 25% is found (Foken, 2008; HendricksFranssen, Stöckli, Lehner, Rotenberg, & Seneviratne, 2010; Stoy et al., 2013; Wilson et al., 2002) . For that reason, the latent heat flux measured by EC potentially underestimates the actual evapotranspiration.
This non-closure of the energy balance is recognised as the most important enigma of micrometeorology, considerably limiting progress in atmospheric and environmental sciences. It appears to be a rather general phenomenon at most EC sites, despite differences in measurement set up and vegetation cover (Foken et al., 2011) . The most likely candidates to explain this systematic behaviour are mesoscale flux contributions (Mahrt, 1998; Mauder, Desjardins, & MacPherson, 2007; Eder, Schmidt, Damian, Träumner, & Mauder, 2015) and a potential bias of sonic anemometers commonly used in EC systems (Frank, Massman, Swiatek, Zimmerman, & Ewers, 2016; Horst, Semmer, & Maclean, 2015) . Nevertheless, the causes of this problem are still under discussion. It is currently unknown how this systematic underestimation of the turbulent fluxes ought to be quantified and if we should assume that the measurement of net radiation and ground heat flux are unbiased.
Another open question is the partitioning of the residual between sensible and the latent heat flux. The simplest approach assumes that both the latent and the sensible heat flux are always equally underestimated (Twine et al., 2000) and therefore are generally adjusted by preserving the Bowen ratio. Such a procedure is supported by airborne measurements that allow a direct determination of the mesoscale flux contributions (Eder et al., 2014; Mauder et al., 2007) .
However, other studies suggest that either the entire or a larger part of the residual should be attributed to the sensible heat flux (Charuchittipan, Babel, Mauder, Leps, & Foken, 2014; Ingwersen et al., 2011) or to the latent heat flux (Wohlfahrt et al., 2010) , at least after flow distortion errors have been accounted for (Eder, Schmidt, et al., 2015) .
Because of the fundamental character of EC measurements, it is difficult to find another equally fundamental measurement approach that can be considered as independent reference to validate these measurements or rather the fulfilment of the assumptions behind this technique. One possibility is a comparison of EC-based latent heat fluxes with highly precise lysimeter estimates of actual evapotranspiration, to identify practical approaches for a correction of the energy fluxes (Gebler et al., 2015; Wohlfahrt et al., 2010) . Further, integrated numerical modelling of the relevant land surface processes has been shown to provide valuable insights about the possible partitioning of the energy balance residuals into sensible and latent heat shares, respectively (Ingwersen et al., 2011) . Both approaches will be applied in this study.
Hence, the objective of this study is to evaluate different energy balance closure adjustment methods, specifically one that is Bowen ratio preserving , one that attributes a larger portion of the residual to the sensible heat flux (Charuchittipan et al., 2014) and also one extreme variant that adds the entire residual to the latent heat flux. The resulting fluxes are checked against independently determined evapotranspiration estimates from lysimeters at two grassland sites in the Alpine foreland. In addition, physically based simulations of the energy and water fluxes from the distributed hydrological model GEOtop are presented as a further plausibility check of the energy balance closure adjustment (Hingerl et al., 2016) .
The two study sites are located in Fendt 47 .83°N 11.06°E, 595 m a.s.l.) and Graswang (DE-Gwg, 47.57°N 11.03°E, 864 m a.s.l.), Germany. Both are permanent grassland ecosystems predominantly used for fodder and hay production (Zeeman et al., 2017) . These sites belong to the Bavarian Alps/pre-Alps Observatory of the TERrestrial Environmental Observatories (TERENO) network (Zacharias et al., 2011) , and they are also part of the Integrated Carbon Observation System (ICOS, www.icos-infrastruktur.de). They were selected for this study because their corresponding lysimeters are equipped with soil cores that originate from the source area of the nearby EC sta- The energy balance closure at these two sites is reportedly between 65% and 78% (Eder et al., 2014) , despite extensive efforts in quality assurance and quality control . We selected these sites for our investigation, because their terrain complexity on the landscape scale is quite different, whereas the actual flux footprint is quite comparable between both sites, being flat and covered by more or less short grass in a radius of about 200 m around the EC tower. The differences in terrain height around the Fendt site are less than 200 m, whereas the terrain around Graswang is characterised by steep mountains that are partly more than 1,000 m higher than the valley bottom, where the paired EC and lysimeter site is located.
Moreover, the measurement set-up of both sites is nearly identical. Besides the lysimeter and EC measurements described in the following sections, the sites are equipped with instrumentation to record several eco-meteorological variables. In particular, the available energy at the surface is determined from data of a ventilated fourcomponent net radiometer, three self-calibrating soil heat flux plates, and the soil heat storage change in the layer above, which is calculated according to the PlateCal approach of Liebethal, Huwe, and Foken (2005) using data from six soil temperature probes and six soil water content sensors. Table 1 gives an overview of the measured variables and the instruments relevant for the calculations in the following sections.
| Lysimeter measurements
The sites Fendt and Graswang (Figure 1) are part of the TERENOSOILCan network, equipped with fully automated lysimeter systems with standardised design and sensor installations ensuring the comparability between the different experimental sites (Pütz et al., 2016) .
Every lysimeter station consists of six lysimeters arranged annularly as a hexagon with a service well in the centre. The service well stores the measurement equipment and data recording devices. Every lysimeter cylinder is made of stainless steel and has a surface area of 1 m 2 and a depth of 1.5 m (Gebler et al., 2015) . The lysimeters are equipped with soil moisture, matric potential, and temperature sensors at different depths. For more detailed description of the measurement set-up, see Pütz et al. (2016) .
To achieve temperatures inside the lysimeters that are equal to those of the surrounding, the lysimeter housing consists of a porous calculated on a computer in the field using the TK3 software (Mauder & Foken, 2015) and automatically transferred to an in-house data storage server for near-real-time evaluations. All processing steps were conducted according to the TERENO standard procedure, including the required flux conversions and corrections, quantification of random errors, and determination of quality flags . For this study, we only used data of quality Flag 0 and 1, whereas data of Flag 2 were excluded.
| Energy balance closure adjustment methods
To address the energy balance closure problem, several adjustment methods have been proposed in the literature (e.g., Foken et al., 2011; Ingwersen, Imukova, Högy, & Streck, 2015; Twine et al., 2000) .
The most prominent theory says that the underestimation in the energy balance derived with the EC approach originates from largescale transport not being captured and allocates the entire residual to the turbulent fluxes. Here, we investigate different adjustment approaches of partitioning the residual between both the sensible and the latent heat flux. Many studies suggest a Bowen ratio preserving energy balance adjustment, thereby assuming scalar similarity across all scales, and we chose to test the approach of Mauder et al. (2013) as one representative of this group of methods. In addition,
we also tested the method of Charuchittipan et al. (2014) , which attributes a larger portion of the residual to the sensible heat flux. According to Mauder et al. (2013) , the systematic error related to the lack of energy balance closure is defined as follows:
where F is the measured turbulent heat flux, R g is net radiation, and
where H is the sensible heat flux, λE is the latent heat flux, R n is net radiation, G is the ground heat flux, J is the storage term, and K is the number of valid observations per day with R g > 20 W m −2 . Obvious outliers due to correction procedure were removed using a 4σ-filtering method. In summary, the Mauder et al. (2013) approach preserves the Bowen ratio of the daytime fluxes, whereas the nighttime data remain unchanged.
The method of Charuchittipan et al. (2014) partitions the residual depending on the ratio of sensible heat flux to the buoyancy Flux B.
The idea behind this approach is that the large-scale coherent structures are driven by buoyancy and their intensity should therefore depend on the buoyancy flux. Therefore, the fraction of the residual attributed to the sensible heat flux is larger than in a Bowen ratio preserving approach. Accordingly, the adjusted flux is calculated as:
with
where Res is the half-hourly energy balance residual, T is the air temperature, c p is the specific heat capacity at constant pressure, λ is the latent heat of vaporisation, and Bo is the Bowen ratio. In contrast to Mauder et al. (2013) , who calculate a daily relative systematic error, this correction factor is determined for each 30-min interval. The results were also filtered for outliers using the same 4σ-criterion as for the method of Mauder et al. (2013) . Further, we also added the entire residual to the measured latent heat flux, whereas the same outlier filtering was applied.
| Gap filling
Since hourly or even half-hourly evapotranspiration rates from the lysimeters would have a poor signal to noise ratio, we decided to conduct this comparison based on daily sums, which has the additional advantage that errors in determining the storage term are cancelling on a daily basis (Leuning, van Gorsel, Massman, & Isaac, 2012) . However, this means the 30-min EC fluxes also need to be aggregated to the 24-hr level. Because the prerequisites of the EC method are generally not always fulfilled, it is necessary to apply a gap-filling procedure before cumulative daily evapotranspiration can be calculated.
We used the software package REddyProc developed at the MaxPlanck Institute for Biogeochemistry in Jena, Germany (available at:
https://r-forge.r-project.org/projects/reddyproc/) for the gap filling of the half-hourly latent heat fluxes (Reichstein et al., 2005) . The 48 half-hourly values were available for one specific day. This gapfilling strategy was also applied after the respective energy balance closure adjustments using approaches as described above. The computation of daily values of evapotranspiration followed the same strategy as for the uncorrected data.
| Joint modelling of water and energy fluxes using GEOtop
The ecosystem budgets of energy and water are linked through evapotranspiration. Hence, evapotranspiration (ET) can be best constrained by a model that describes both budgets equally on a physical basis.
Consequently, the fully distributed physically based hydrological model including the surface energy balance, soil temperatures and soil water content, snow cover dynamics (Zanotti, Endrizzi, Bertoldi, & Rigon, 2004) , and the effect of vegetation in complex terrain (Endrizzi & Marsh, 2010) .
In GEOtop 2.0, the surface energy balance is fully integrated in the heat equation for the soil together with a multilayer representation of the snow cover (Endrizzi et al., 2014) . Wind speed is an important factor affecting the turbulent fluxes of sensible and latent heat. Therefore, the effect of topography on the surface energy balance is considered in the model. Because a full resolution of the fluid dynamics equations for the atmospheric flow above the surface is computationally very time consuming, GEOtop uses a topographically dependent parameterisation of the wind field (Liston & Elder, 2006) . Full details on the core components of GEOtop and its functionality are described in Endrizzi et al. (2014) .
As input for the model, we used the static data in accordance with previous work on the same area by Hingerl et al. (2016) and Kunstmann, Krause, and Mayr (2006) . As digital elevation model, we used data from the SRTM 90 m digital elevation database. The river network as well as terrain aspect, slope, and sky view were calculated using ArcMap GIS. Land cover for the Rott catchment was prescribed at a resolution of 250 × 250 m 2 , and at a resolution of 150 × 150 m 2 for the Upper-Ammer catchment, and soil characteristics for both catchments were provided at a resolution of 2 × 2 km 2 . The landcover and soil maps were separately interpolated to the resolution of the digital elevation model. Furthermore, the hourly meteorological forcing was gathered for the model simulation. For the dynamic meteorological forcing data (i.e., precipitation, temperature, wind speed, wind direction, and radiation components), we used measurements from two micrometeorological stations and six climate stations of the TERENO preAlpine observatory. Specifically, data for precipitation, temperature, wind components, and radiation are needed as input for GEOtop at a temporal resolution of 1 hr. Figure 1 shows the name and location of the measurement stations, the definition of the catchments and the river network used for this study. Besides runoff, the model also outputs maps of the sensible and latent heat flux at 90 m spatial and 1 hr temporal resolution, which allow a direct comparison with our in-situ lysimeter and EC measurements in Graswang and Fendt.
The parameters required to run the model were determined using a stepwise optimisation procedure, where the effect of individual model parameters on the outputs is individually tested (Boyle, Gupta, & Sorooshian, 2000) . As starting point, we used parameter values of previous hydrological modelling work for the same catchments (Hingerl et al., 2016; Kunstmann et al., 2006; Ott et al., 2013; Smiatek, Kunstmann, & Werhahn, 2012) . During the calibration process, parameters were optimised, so that the model output jointly reproduces observational data of runoff at the discharge gauges in Raisting and Peißenberg, profiles of soil temperature and soil water content at 2, 6, 12, 25, 35, and 50 cm depths, soil heat fluxes at 8 cm depth, and sensible and uncorrected latent heat fluxes measured at the micrometeorological stations in the simulation area (Figure 1) . The most sensitive model parameters to the ET simulation were canopy fraction and vegetation height, which were determined depending on the landuse classification. In addition, simulated ET estimates were sensitive to the alpha-van-Genuchten parameter, which were provided for nine soil layers down to a depth of 5 m for each soil type.
It is important to note that the lysimeter-based ET-estimates were not used during the calibration procedure for the GEOtop modelling at all and we relied mostly on the profiles of soil temperature and soil moisture and the soil-heat-flux measurements in order to calibrate a parameter set. Thus, we only compared the above-mentioned eco-climatological variables and the measured EC fluxes without any energy balance closure adjustment. Further, because the energy balance is closed in the model by definition and GEOtop is physically based, the calculated ET rates can serve as an independent estimate of ET to assess the plausibility of the energy balance closure adjustment. Further, a principal component analysis (PCA, Matlab) was used to identify potential site-specific effects on the energy balance closure.
| Statistical analysis of the comparison
We conducted this analysis for the energy balance residual (Res) and potential drivers reported in the literature, plus a selection of terms related to the turbulent kinetic energy (TKE) budget, which are meant to describe the properties of the site-specific turbulence. For planar homogeneous flow, the tendency of TKE can be determined as follows:
where the first term on the right-hand side describes mechanical production, the second term describes buoyant production, the third term describes the turbulent transport and the pressure correlation, and the fourth term represents the viscous dissipation rate. Thirty minute data from both sites for the entire study from 2013 and 2014
were used as input. In detail, the selected variables under investigation are the following:
• friction velocity u * , which is usually inversely correlated with the Res (Hendricks-Franssen et al., 2010; Stoy et al., 2013; Eder, Schmidt, et al., 2015) ;
• the vertical temperature gradient (Eder, Schmidt, et al., 2015) , which is taken as the difference between the surface temperature from an infrared thermometer and the temperature at the height of the EC system T s ;
• the dissipation rate eps (ε of Equation 6), computed from a second order structure function formulation (Banerjee, Katul, Salesky, & Chamecki, 2015) ;
• the imbalance of the TKE equation imb, which is defined as the difference between TKE production (first term and second term of Equation 6) and dissipation (fourth term of Equation 6);
• and w′w′w′, which is part of the transport term in the TKE budget.
3 | RESULTS The EC-ET adjustments for the lack of energy balance closure using the Mauder et al. (2013) and the Charuchittipan et al. (2014) approaches generally lead to increased values of ET and a smaller systematic difference from the lysimeter measurements. In addition, both sites show a similar behaviour with respect to an energy balance closure adjustment. An overcorrection with slopes of 1.1 and 1.07 and biases of 15% to 25% is found for the Bowen ratio preserving method . Intercepts remain near zero, between 0.14 and 0.22 mm and the coefficients of determination (R where the bias is only 7%, RMSE is only 0.74 mm, and the slope of the regression is exactly 1.00 (Table 2) . Adding the entire energy balance residual to the latent heat flux results in very large slopes and RMSE values for both sites. Moreover, the bias becomes very large (71%) for the Fendt dataset and the R 2 becomes quite small for the Graswang dataset.
| DISCUSSION
The comparison shows that the application of an energy balance closure adjustment to the EC data leads to an evapotranspiration very similar to the evapotranspiration measured by weighable lysimeters.
The underestimation of the lysimeter evapotranspiration by the measured EC data of about 30% corresponds quite well to the lack of energy balance closure for these sites. For the same 2 years of data, we found energy balance ratios, which are defined as the daily sum of the turbulent fluxes (H + λE) divided by the available energy (R n -G), of 68% for Fendt and 73% for Graswang ( Figure 6 ). This suggests that the discrepancy between the lysimeter measurements and the EC data is almost solely caused by the underestimation of the turbulent fluxes by the EC method.
Even if the difference between EC and lysimeter measurements of evapotranspiration is probably only caused by underestimating ET with EC measurements, other reasons for the deviation between these two measurement methods need to be discussed. Whereas the EC technique records the turbulent flux of moisture in the atmosphere, the lysimeters record the weight loss of a soil core related to water fluxes.
Considering those conceptual differences in methodology, it can hardly be expected that lysimeter estimates and EC data agree perfectly. Moreover, the temporal and the spatial scale of the measurements are different. The footprint of EC measurements typically covers up to several hundred square meters and is variable with wind ET from lysimeters (mm) ET from GEOtop (mm) FIGURE 4 Comparison of ET for the Fendt site with the measurements from the lysimeters on the x-axis using different methods, from top left to bottom right: Measured eddy covariance (EC) data, EC data adjusted after Mauder et al. (2013) , EC data adjusted after Charuchittipan et al. (2014) , and simulated by GEOtop. The blue line indicates the Deming regression, whereas the red dashed line indicates identity direction, wind speed, and atmospheric stability (Schmid, 1997) . In contrast, the area of a lysimeter captures only one square meter. Furthermore, EC data need gap filling to allow a comparison of daily evapotranspiration rates, which introduces an additional source of uncertainty. Note that the scatter plots show more or less a straight line, that is, the relative systematic differences are nearly constant.
Several studies, despite using very different approaches, come to the same conclusion that the non-closure of the energy balance when comparing radiation and EC data derived heat fluxes is mainly caused by unaccounted energy carried in large-scale coherent eddies. These structures are a typical feature of daytime convective boundary layers tower-based EC measurements (Finnigan, Clement, Malhi, Leuning, & Cleugh H a., 2003; Kanda, Inagaki, Letzel, Raasch, & Watanabe, 2004; Mauder et al., 2007) . Thus, one option to adjust EC fluxes is to assume that the Bowen ratio of the fluxes carried by large eddies is equal to those of the measured fluxes, which follows from the rationale that scalar similarity is fulfilled not only for small-scale turbulence but also for large-scale structures. This is also the basic idea behind the energy balance closure adjustment according to Mauder et al. (2013) , and our results show that at least for Fendt and Graswang this method is quite efficient in treating the systematic underestimation of EC measurements, despite a slight overcorrection. Gebler et al. (2015) and Hirschi, Michel, Lehner, and Seneviratne (2016) found similar results, when applying a Bowen ratio preserving energy balance closure adjustment to EC data and comparing it with lysimeter measurements.
The adjustment method of Charuchittipan et al. (2014) follows a different approach. They partition the energy balance residual using the ratio between the sensible heat flux and the buoyancy flux energy.
Because this is applied on 30-min data, it also distributes the random component of the overall measurement error between the latent and the sensible heat flux on top of the systematic underestimation. Therefore, the scatter is much larger when compared to lysimeter measurements. Nevertheless, the bias of this method is still small. Other approaches, which attribute the entire energy balance residual either to the sensible heat flux (e.g., Ingwersen et al., 2011) or to the latent heat flux (e.g., Wohlfahrt et al., 2010) appear not to be plausible for the two sites under investigation, as the resulting ET rates would either be highly underestimated or overestimated.
Our results show that both the underestimation of ET using EC measurements and the lack of energy balance closure are quite similar between our two test sites, despite the apparent differences in terrain complexity and the resulting modification of the local wind fields. This finding is somewhat unexpected, and therefore we further investigate with a PCA if the reasons for underestimating ET are also similar between the two sites. The results of the PCA (Figure 7 ) stress a close similarity between the two sites. The vertical temperature gradient T s is highly correlated in both cases and a moderate correlation of u * with the Res can also be stated. The correlations between the TKE terms and the Res are weaker. However, it is interesting to note that the internal structure of these variables is similar between both sites.
| CONCLUSIONS
The presented comparison showed that the EC-based evapotranspiration estimates were generally smaller than those independently measured by weighing lysimeters. Further, the fact that the physically based GEOtop simulations considering energy balance closure resulted in a very good agreement with the weighing-lysimeter based values of ET strengthens our confidence in these estimates as a reference measurement. Applying the energy balance closure adjustment of Mauder et al. (2013) or Charuchittipan et al. (2014) improves the EC-derived ET estimates and leads to smaller differences compared to the reference. Thus, it is very likely that the EC method underestimates the turbulent fluxes and the EC-derived ET is too low. Further investigations are also needed to develop an improved adjustment method. Specifically, additional information about the structure of the boundary layer above the EC measurement height will probably be useful to improve such an energy balance closure model (Eder, Schmidt, et al., 2015) . More insights into the relevant atmospheric processes can be gained through large-eddy simulations if the spatial resolution is sufficient to resolve typical measurement heights of EC measurements (Eder, De Roo, et al., 2015) . Finally, we conclude that the constraints provided by a distributed physically based hydrological model can be very valuable to determine reliable estimates of evapotranspiration, even on an hourly time scale. In the future, largeeddy simulations and physically based hydrological modelling may be coupled, especially because their spatial scale already matches quite well. However, the required computational demand to resolve all relevant processes appropriately may be a limiting factor based on the technology available to date. 
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